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ABSTRACT: Microcystin-LR (MC-LR) is the most commonly encountered of the toxic cyclic peptide
hepatotoxins occurring in China. It is a model compound for toxicological studies. In this study, the tox-
icity of MC-LR (50 and 500 g/L) on isolated carp hepatocytes was determined and the ultrastructural
alterations of cells induced by MC-LR were observed. The alterations noted when hepatocytes were
exposed to 50 g/L MC-LR were blebbing of cell membrane, shrinking and deformation of nuclei, vesic-
ulation and transformation into concentric membrane whorls of RER, and swelling and rearrangement of
the cytoskeleton. However, when the cells were exposed to 500 g/L MC-LR, broken cell membranes,
nuclei and cytoskeleton could be observed. These ultrastructural changes paralleled the pathological
events, which lead to apoptosis or necrosis of hepatocytes. These results suggest that disruption of
the cytoskeletal structures could account for the blebbing of cell membrane and apoptosis induced by
MC-LR. © 2001 by John Wiley & Sons, Inc. Environ Toxicol 16: 517–522, 2001
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INTRODUCTION
Microcystins (MC) are a family of the peptide hepato-
toxins produced primarily by the freshwater cyanobac-
terium, Microcystis aeruginosa (Carmichael, 1992, Daw-
son, 1998). The general structure of MCYST is
cyclo (D-Ala-L-X-erythromethyl-D-isoAsp-L-Y-Adda-
D-isoGlu-N-methyldehydro-Ala) in which the unusual
amino acid Adda is essential for expression of biolog-
ical activity of the toxin (An and Carmichael, 1994;
Luukainen et al., 1994). The most common member
of this family is microcystin-LR (MC-LR) in which the
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variable L-amino acids are leucine (L) and arginine (R)
(Trogen et al., 1996).
Microcystin can potently inhibit the activities of
Ser/thr protein phosphatases type-1 and 2A (PP1,
PP2A) in the hepatocytes (Yoshizawa et al., 1990; Mat-
sushima et al., 1990; Eriksson et al., 1990; Runnegar
et al., 1991; Runnegar et al., 1999). The inhibition leads
to the protein phosphorylation unbalance that conse-
quently causes disruption of the cell cytoskeleton. As a
result, this effect may cause liver disease and even liver
necrosis (Falconer and Yeung, 1992; Ito et al., 1997,
2000).
There are a number of reports that MC-LR induced
ultrastructural changes of hepatocytes in mammals
(Runnegar et al., 1981; Hooser et al., 1991; Boe et al.,
1991; Khan et al., 1995, 1996; Eriksson et al., 1989; Fal-
coner and Yeung, 1992; Ghosh et al., 1995; Wickstrom
© 2001 by John Wiley & Sons, Inc.
DOI 10.1002/tox.10012
517
518 LI ET AL.
et al., 1996; Macias-Silva and Garcia-Sainz, 1994), but
little can be obtained about the effects of MC-LR on
the cytological structure of ﬁsh hepatocyte. In this study,
the ultrastructural changes of carp hepatocytes exposed
to MC-LR were observed.
MATERIALS AND METHODS
Toxin and Reagents
MC-LR was isolated and puriﬁed with the improved
HPLC method (Harada et al., 1988). Dulbecco’s Mod-
iﬁed Eagle Medium, Fetal Bovine Serum, Penicillin,
and Streptomycin were obtained from GILCO BRL
(Grand Island, NY 14072). Hoechst33258 and TRITC-
Phalloidin were bought from Sigma (St. Louis, MO).
Hepatocyte Isolation
Hepatocytes were isolated from carp (1000 g, female)
with 0.25% trypsin digestion at 25 for 40 min. Cells
were suspended in DMEM and washed with the
same medium. Isolated hepatocytes were cultured in
DMEM supplied with penicillin (100 IU/ml), strepto-
mycin (100 g/ml), and 5% fetal bovine serum. These
cells were seeded into 25-ml cell culture bottles at a con-
centration of 1×106 cells/ml and incubated at 25 free
from CO2. Cell viability was assessed with the trypan
blue exclusion method. The number of cells in suspen-
sion was determined in a Neubauer counting Chamber
and 150 cells were evaluated per sample.
MC-LR Exposure
The toxin was ﬁrst dissolved in a small amount of alco-
hol (methyl, ethyl) for storage and was diluted with ster-
ile phosphate—buffered saline (pH 7.2) according to
the desired concentrations (50 or 500 g/L) before tests
began. The MC-LR stock solution was added directly to
the medium with hepatocytes for toxin exposure.
TEM Observation
After an 8 h exposure, 2 × 106 cells were collected
and ﬁxed in 2.5% glutaraldehyde solution in 0.1-M Na-
cacodylate buffer (pH 7.4) for transmission electron
microscopy. The cells were postﬁxed in cold 1% osmium
tetroxide in 0.1-M Na-cacodylate buffer (pH 7.2) for 1
h and this was followed by staining of the tissue in 3%
uranyl acetate for 1.5 h. The samples were dehydrated
in ethanol and propylene oxide and then embedded in
a mixture Specify. Ultrathin sections were sliced with
glass knives on a Sorvall Porter-Blum MT-2 microtome,
stained with 2.5% uranyl acetate and lead citrate, and
examined under a HITACHI, H-8100 electron micro-
scope.
Fluorescent Staining of Nucleus
Cell nuclei were evaluated by the ﬂuorescent nuclear
stain, Hoechst33258 at the ﬁnal concentration of
1 g/ml. Hepatocytes were examined and photographed
using a Nikon ﬂuorescent microscope (Eclipse E600) at
340 nm and difference interference contrast (DIC) was
used at the same time.
Fluorescent Staining of the Cytoskeletons
The 2 × 106 cells were collected after an 8 h MC-
LR exposure and washed with PBS (pH 7.4) and then
ﬁxed in 3.7% formaldehyde solution (pH 7.4) with 0.2%
Triton X-100 at −20 for 10 min. After that hepa-
tocytes were washed with PBS (pH 7.4) and stained
with 10 g/ml TRITC-Phalloidin PBS (pH 7.4) in the
dark for 45 min. The cells were washed with PBS (pH
7.4) three times and then enveloped in 60% glycer-
ine solution without ﬂuorescence on the slide. Finally,
the cytoskeletons were observed by Nikon ﬂuorescent
microscope (Eclipse, E600) at Ex 510–560 nm and pho-
tographed with Kodak Tri-x ﬁlms (400 ASA).
RESULTS
Effects of MC-LR on Cell Membrane
After a 6 h exposure to the concentration of 50 g/L
MC-LR, cell membranes began to bleb (Fig. 1a) and
blebbing was more and more serious gradually as time
went on (Fig. 1b and c). However, the cell membrane
was intact at the end of exposure time (24 h). In con-
trast, the cell membrane was broken after hepatocytes
were exposed to 500 g/L MC-LR for 8 h (Fig. 1d).
Fig. 1. Toxic effects of MC-LR on the cell membrane of
common carp hepatocytes: a–c showing the blebbing
of cell membrane, 40×, cells were exposed to 50 g/L
MC-LR; d showing the broken cell membrane, 40×, expo-
sure to 500-g/L MC-LR.
ULTRASTRUCTURAL CHANGES OF CARP HEPATOCYTES EXPOSED TO MC-LR 519
Fig. 2. Toxic effects of MC-LR on the nuclei of carp hep-
atocytes: a–g showing the deformation of nuclei. a: con-
trol, 40×; b–d: treated cells, 40×; e: control, 13000×; f and
g: 13000×, 9000×. Cells above were exposed to 50 g/L
MC-LR; h: necrosis of cell, 6000×, exposure to 500 g/L
MC-LR.
Nuclear Alteration
MC-LR (50 g/L) induced a progressive deformation
of the nuclear outline (Fig. 2a–d). Condensation and
margination of chromatin, and nuclear shape alteration
were also observed (Fig. 2e–g). The nucleolus could
no longer be discerned in most hepatocytes exposed to
500 g/L MC-LR (Fig. 2h).
Modiﬁcations of the Rough and
Smooth Endoplasmic Reticulum
Following exposure to 50 g/L MC-LR, the toxin
induced progressive ultrastructural changes of RER and
SER in carp hepatocytes, including swelling, fragmenta-
tion, and vesiculation (Fig. 3a and b). Furthermore, the
RER formed concentric membrane whorls as the time
went on (Fig. 4a and b).
Changes in Mitochondria
After an 8 h exposure to 50 g/L MC-LR, mitochondria
displayed no obvious ultrastructural alteration (Fig. 5a),
Fig. 3. Modiﬁcation of ER by MC-LR; a and b showing
the swelling and vesiculation of ER, 13000×, exposure to
50 g/L MC-LR.
but swelled and changed into membrane-bound vac-
uoles when cells were exposed to 500 g/L MC-LR
(Fig. 5b).
Cytoskeleton Alteration
Swelling and rearrangement of the cytoskeleton were
observed after an 8 h exposure to 50 g/L MC-LR
(Fig. 6a and b). However, the cytoskeleton was not rear-
ranged but broken when exposed to 500 g/L MC-LR
(Fig. 6c and d).
DISCUSSION
Exposure of primary carp hepatocytes to 50 g/L MC-
LR induced cytological alterations. Among the changes
noted were cell membrane blebbing, nucleus deforma-
tion, ER swelling and vesiculation, and cytoskeleton
rearrangement. In contrast, the cells exposed to 500
g/L MC-LR displayed the typical changes of necro-
sis, such as broken cell membranes and nucleus, trans-
formation of ER into vacuoles, and destruction of the
Fig. 4. Toxic effects of MC-LR on RER; a: showing the
swollen ER, 45000×; b: showing transformation of RER into
concentric membrane whorls, 50000×; exposure to 50 g/L
MC-LR.
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Fig. 5. Toxic effects of MC-LR on the mitochondria of carp
hepatocytes; a: showing the normal mitochondria, 11000×,
exposure to 50 g/L MC-LR; b: showing the swelling and
vesiculation of mitochondria, 55000×, exposure to 500 g/L
MC-LR.
cytoskeleton. This result showed that the effect of MC-
LR on isolated carp hepatocytes was dose-dependent.
Runnegar et al. (1981), Ghosh et al. (1995), and Khan
et al. (1995) drew similar conclusions from the observa-
tions in rat hepatocytes exposed to MC-LR.
In the present study, ultrastructural alterations in
isolated hepatocytes were used to assess toxic effects
caused by MC-LR on the cells and to compare these
effects to cytopathological changes in cells exposed to
the same toxin in vivo (Dabholkar and Carmichael,
1987; Braunbeck, 1993; Rabergh et al., 1991). The most
Fig. 6. Alteration of the cytoskeleton by MC-LR; a and b
showing the swelling and rearrangement of the cytoskele-
ton; a: control, 100×; b: treated cell, 100×, exposure to
50 g/L MC-LR; c and d: showing the broken cytoskele-
ton. c, control, 100×; d: treated cell, 100×, exposure to 500
g/L MC-LR.
conspicuous in vitro alterations were found within the
nucleus, RER and cell membrane and these alterations
were also observed in hepatocytes exposed to the toxin
in vivo (Runnegar et al., 1987; Ito et al., 1997), as
did ultrastructural change of RER and cell membrane
including fragmentation, vesiculation, and transforma-
tion into concentric membrane whorls of RER (Dal-
holkar and Carmichael, 1987).
Generally speaking, hepatocytes of animals died in
two ways: either apoptosis or necrosis. In this study,
carp hepatocytes showed the typical morphological
changes of apoptosis when exposed to 50 g/L MC-LR.
However, when hepatocytes were exposed to 500 g/L
MC-LR, cells became necrotic. This has been observed
previously (Runnegar et al., 1981; Hooser et al., 1991;
Boe et al., 1991; Khan et al., 1995; McDermott et al.,
1998; Macias-Silva and Garcia-Sainz, 1994).
Changes in cell shape can follow alterations in the
cytoskeletal structure of cells (Runnegar and Falconer,
1986). Therefore, changes in cell morphology induced
by MC-LR were probably caused by alterations in
the cytoskeleton, as reﬂected in redistribution of actin
microﬁlaments (Eriksson et al., 1989; Hooser et al.,
1991), intermediate ﬁlaments (Falconer and Yeung,
1992), microtubules (Khan et al., 1995), and the actin-
associated proteins (a-actinin and talin) (Ghosh et al.,
1995). These cytoskeletal changes are probably a con-
sequence of MC-induced inhibition of PP1/PP2A. Our
results are in accordance with these data, indicating that
the toxic mechanism of MC-LR on the carp hepatocytes
is similar to that in mammalian cells.
MC can potently inhibit protein phosphatase type-1
and 2A after transport into the cytoplasm by the bile
acid transporter in the cell membrane of hepatocytes.
This inibition may disturb the cellular phosphorylation
balance in the cytoplasm of the cells treated. The unbal-
ance can cause hyperphosphorylation of many kinds of
functional proteins, for instance, hyperphosphorylation
of cytoskeletal proteins (actin) and actin-associated pro-
teins (a-actinin and talin). The degree of hyperphospho-
rylation of cytokeratin may determine whether cells pre-
cede programmed cell death or apoptosis. Therefore,
the disruption of cell cytoskeleton causes cell mem-
brane blebbing and may lead to apoptosis of hepato-
cytes. Conversely, induction of apoptosis by MC may
involve hyperphosphorylation of other cytoplasmic pro-
teins (e.g., p53, Bcl-2, etc.) that directly induce this form
of cell death. For this reason, much more research on
the molecular mechanism of apoptosis should be done.
Clariﬁcation of the apoptosis in the hepatocytes exposed
to MC-LR will be beneﬁcial to understanding the mech-
anism of liver tumor promoting effects by microcystins.
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